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(S) Multifocal intraocular lenses. 

@ A multifocal intraocular lens is produced 
which comprises a lens body having a plurality 
of optical zones which comprises an aspheric 
optical zone (2) between each add and base 
power zone (3,1) thereby providing a gradual 
transition in the curvature of the optic surface 
and avoiding abrupt changes in the curvature of 
the optic. 
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The present invention is cone rned with nnultifocal intraocular lenses (lOLs) which comprise a lens body 
having a multiplicity of optical zones wherein an aspheric optical zone is interspersed betw en add and base 
power zones. 

Bifocal and multifocal intraocular lenses are known in the art and some are currently undergoing clinical 

5 trials. While multifocal lOLs are expected to provide good visual acuity for at least two focal points and also 
greater depth of vision than monofocal lOLs, multifocal lOLs cannot be expected to match the optical perform- 
ance of monofocal lOLs in terms of image strength and image quality at a given focus. This is because the 
percent light intensity illuminating the best focused image will be lower for a multifocal lOL relative to monofocal 
lOL, and the image contrast will thus suffer because of the presence of an unfocused second image. While the 

10 human visual system is very tolerant of brightness variations, and can extract a great deal of information from 
low contrast images by virtue of the image processing that occurs in the retina and visual centres of the brain, 
studies of dependance of visual acuity on illumination levels shown that a 1 00 fold change in illumination causes 
a 50% decrease in visual acuity at moderate illumination levels while the rate of change in visual acuity is much 
smaller at very low and very high illumination levels. Thus, the quality of vision which a patient will experience 

15 is not solely dependent on the image strength and contrast but is also dependent on the totality of usable visual 
infomiation presented at the macula. 

In US Patent No. 4636211. Nielsen describes a bifocal optic with concentric optical zones of a base power 
needed for emmetropia or distance vision and an add power designed to provide vision at near or intermediate 
distances. According to this design, the central portion of the optic constitutes the zone with the add power while 

20 the periphery constitutes the zone with the base power. Such an lOL optic may not be suitable for patients with 
pupil sizes smaller than 2mm. Attempts have been made to solve this problem by developing a three zone 
bifocal lens which provides a central zone for distance vision sun-ounded by an annular zone embodying the 
add power for near vision, and the periphery for distance vision. This design tends to minimise the potential 
loss of distance vision in patients but does not take into account variations in pupil size which occur at varying 

25 light levels. Thus, the location and sizes of the various power optic zones have heretofore not been optimised 
for changes in pupillary diameters which occur as a result of variations in the ambient light levels, not have the 
visual tasks which one may expect to perform under various light levels been taken into account in designing 
lOLs according to the prior art. 

Since the area of the optic zone of a given focal length included in the pupillary aperture is proportional to 

30 the image strength produced at that focus, visual acuity achieved by a patient who receives an intraocular 
bifocal optic would be expected to be dependent upon the area of the optic zones at the base and add powers 
seen through the pupillary aperture. The prior art design does not optimise for the balance of image strength 
at different pupil diameters and multifocal optical designs based on diffraction theory do not allow any variation 
of image strength for near and distance objects as pupillary diameters change. Since the variation of illumination 

35 levels is usually smaller indoors that outdoors, variation of pupillary sizes in also smaller indoors than outdoors. 
Light levels are therefore expected to be at intemnediate levels indoors while outdoor light intensity may reach 
a high level when there is bright sunlight or it may be at a very low level or moonless nights. Since indoor visual 
tasks mostly require intermediate and near vision, the design of a multifocal lOL should provide the strong st 
Image intensity for near objects at intenmediate pupillary sizes. Similarly, outdoor visual tasks usually require 

40 distance vision and hence the lOL should be optimised to provide the strongest possible image intensity for 
distant objects at the extreme values of pupillary sizes. Heretofore no one has taken these factors into con- 
sideration in designing multifocal intraocular lenses. 

The designs discussed above are bifocal in nature and thus they utilise optic zones of two different focal 
lengths only. One of these zones is selected to achieve emmetropia of distance while the other provides an 

45 add power typically of 2.5 to 4.5 diopter which corresponds to a reading distance of about 1 1 to 20 inches. This 
design of lens fails to provide any image intensity for objects at an intermediate distance which requires the 
use of intemnediate power zones or aspheric optics. 

According to the present invention it has been discovered that when aspheric optical zones are interpersed 
between add and base power zones, one obtains a gradual transition in the curvature of the optic surface and 

50 avoids abrupt changes in the curvature of the optic. The resulting optic is smooth and lacks transition lines which 
cause scattering of light 1 ading to th patients sensation of glare or ghost images. Aspheric zones contribute 
additional image intensity at both distant and near foci. 

The use of aspheric zones in intraocular optics was first described in US Patent No. 4769033. However, 
the designs disd sed in this patent specification were not centrosymmentric and were not optimised either for 

55 pupillary size or for illumination level variations, not did they suggest the aspheric zone be placed between the 
add and base power zones. 

More particularly, th present invention is concerned with a multifocal intraocular lens which comprises a 
lens body having at least five optical zones wherein aspheric optical zones are interspersed between add and 
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base power zones. 

According to one embodiment of the pr sent invention a multifocal intraocular lens is produced with com- 
prises a lens body having a plurality of optical zones which comprises add power zon s and base pow r zones 
and an aspheric optical zone disposed between each add and base power zones thereby providing a gradual 
5 transition in the curvature of the optic surface and avoiding abrupt changes in the curvature of the optic. 

According to a further embodiment of the present invention a multifocal intraocular lens in provided which 
comprises a lens body having at least five optical zones, a first zone comprising a central constant power zone 
for distance vision, a second zone comprising an annular aspheric zone, a third zone comprising a constant 
power zone for near vision, a fourth zone comprising an aspheric zone to bring the power back to the distance 
10 vision level and a fifth zone comprising a constant power zone for distance vision, whereby the radii for each 
optical zone is detenmined to minimise aspherical aberrations and wherein the percent optical area for near 
and distance vision is calculated based on pupillary diameter and variation of pupillary apertures in humans 
for whom said lenses are designed. 

Nomnaily and preferably the radius of correction of each zone is detenmined with respect to the ant rior 
15 surface of the lens. 

According to a further embodiment the multifocal intraocular lens is centrosymmentric. 

Preferably the multifocal intraocular lens according to the present invention has five zones. 

The multifocal intraocular lens according to the present invention may have two loops secured to the lens 
body or optic, wherein loops are preferably substantially symmetrically disposed. 
20 Alternatively, the multifocal intraocular lens may have two loops integral with the lens body wherein the 
loops are substantially symmetrically disposed. 

The multifocal intraocular lenses of the present invention are constructed so that a human having such a 
lens implanted in his eye perceives objects at an intermediate distance through 5 to 13 percent of the ov rait 
image intensity thereby enhancing the depth of field perception, objects at a near distance through 18 to 58 
25 percent image intensity and objects at a far distance through 35 to 78 percent of the image intensity. 

The use of the multifocal lens of the present invention allows vision to be provided to a human who has 
had his/her natural lens removed by implantation of the lens in the eye. 

In designing the multifocal lOLs according to the present invention, the optimum size and location of th 
various optical zones in order to achieve the best combination of image intensities may be computed as a func- 
30 tion of pupillary diameter and illumination levels. 

The present invention will be further described and illustrated by reference to the accompanying drawings 
wherein; 

Figure 1 is a plan view showing a multifocal lOL according to the present invention which comprises fiv 
zones; 

35 1 is a central constant power zone designed for distance vision and preferably has a radius of 0.75m. 2 is 

an annular aspheric zone, designed to provide from 0 to 3D add, preferably extending to a radius of about 
0.95mm. 3 is a constant power zone which incorporates a constant 3D add, and is designed for near vision 
and preferably extends to a radius of about 1.3mm. 4 is an aspheric zone, designed to bring the power back 
to the distance visual level and preferably extends to a radius of about 1 .5mm. 5 is a constant power zone desig- 

40 ned for distance vision and extends to the lens periphery. 6 represents two typical loops or haptics which may 
be secured to the optic by techniques per se known or alternatively which may be integral with the lens to form 
a single piece multifocal lOL 

Figure la is an etevational view of the lens of Figure 1 ans shows the angular displacement of the haptics 

6. 

45 Figure 2 shows a plot of variation of lens power with distance from the centre of the optic. The radii of the 
optical zones were detenmined by a computer program which computed per cent optical area contributing to 
near and distance image intensities as a function of pupillary diameter. 

Figures 3 and 4 show the surface quality of the optic as examined by optical and scanning electron micro- 
scopy (SEM). The surface geometry of the multifocal lOLs according to the present invention was designed to 

50 minimise spherical aben-ations and it has been found that machining on an air bearing lathe is beneficial. 

Image strengths at distant and near foci for variation of pupillary apertures and illumination levels were used 
to derive the zonal locations and areas. It has been found to be convenient to use a computer program to optim- 
ise the image strengths. Figures 5a. 5b, 5c shows plots of per cent optical area available for distance and near 
foci for three arbitrary centrosymmentric multifocal optic designs using the same computer program. 

55 Figure 5a shows a two-zone bifocal lens with a 2 mm diamet r central add and peripheral distance zone. 

Figure 5b shows a three-zone bifocal lens with a 1mm diameter central distance, 2.30 mm diameter annular 
add and peripheral distance zones. Figure 5c shows a five zone multifocal lOL according to the present inven- 
tion. 
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If one assumes that th percent optical area available for each focus is linearly proportional to the image 
int nsity at that focus, then these plots given one nneasure of optical p rfonmance of each of the designs. Using 
this approach to estimat image intensity for each focus, a design can be selected which provides a prepon- 
derance of image strength at the distance focus for small and large pupillary diameters while giving emphasis 
to the image strength at the near for intermediate pupillary diameters. This is based on the belief that while the 
light level outdoors may be either very high or very low causing the pupil to contract or dilate to its extreme 
sizes, indoor lighting generally will be at intermediate levels resulting in intennediate pupillary apertures. Excep- 
tions may exist such as when one reads under a bright light which shines directly in a patient's face or perhaps 
at dusk or twilight illumination which might produce a level of illumination below that generally experienced out- 
doors. 

Since distance vision is most typically needed outdoors and near vision is most typically need indoors, con- 
figuration shown in Figure 2 addresses these needs. Figure 5c shows the image intensity distribution for th 
multifocal lOL according to a preferred aspect of the present invention. Objects at the intemnediate distances 
typically receive 5-13% of the overall image intensity, thereby enhancing the depth of field, while 18-58% of 
the image intensity is received at near distances and 35-78% of the image intensity is received for distance 
objects. The presence of the aspheric zones according to the present invention provide three distinct benefits. 
First, they allow the curvature of the optic (anterior) surface to vary continuously (see Figures 3 and 4; whilst 
eliminating any abrupt changes in surface slop which would be visible as lines on the optic surface of bifocal 
lOLs). Figures 3 and 4 dearly demonstrate that the surface of an aspheric multifocal lOL does not contain any 
discrete lines which function as scattering entities and cause glare and discomfort to the wearer. Secondly, the 
aspheric portions directly adjacent to the near and distance focusing zones contribute to the image intensities 
at those two foci and enhance the near and distance focal imaging performance of the lens (it is estimated that 
up to one third of the aspheric adjacent to the distance and near focusing zones contribute in this manner). 
Thirdly, the aspheric portions actually produce usable image intensity at intermediate distances as shown by 
a through focus MTF analysis performed at 3mm and 5mm pupillary apertures. Measurements of MTF at focal 
distances between the two foci were perfonmed and and compared with MTF measurement of a monofocal I ns 
at similar defocus. In each case, the image quality at intenmediate distances was found to be significantly high "r 
than a monofocal optic of same size and power. 

The following non-limitative Example more particularly illustrates the patent invention. 

Example 

The centrosymmentric design incorporating aberration corrected spherical and aspheric zones was pro- 
duced on a diamond turning machine. The first step is to determine the magnitude of the add power which will 
impart the best visual acuity at near distances. Table 1 provides results of a calculation based on the Holladay 
model of the human eye (Journal of Cataract and Refractive Surgery, January 1988. pp. 17-24). From this table 
one finds that an add power of 3.0D will provide a reading distance of 17 inches. For all patients, add powers 
ranging from 2,5D to 4.5D is desired, while the preferred range is 3.0D - 4.0D. 

The lOL optic is manufactured by conventional lathe cutting methods, starting from plastic discs 10-12mm 
in diameter, and 2-4mm in thickness. These discs are lapped on one side, then mounted on a tool using an 
adhesive tap or semi soft wax. The tool is then inserted into the collet of the radius turning machine. A software 
package is used for control of the movement of the part and the tool utilises a pre-calculated set of point co- 
ordinates describing the the entire optic curve. An illustrative set of print co-ordinates is set forth in Table 2. 
After the optic curve has been cut holes are drilled in the side of the optics for placement of haptics. The part 
is detached from the holding tool, and loops or haptics made of polypropylene or other polymers are then inser- 
ted into the radial holes. Haptics are entrapped in place by conventional techniques. The complete lOL is then 
polished by tumbling in glass jars containing a suspension of fine aluminium oxide polish in water and glass 
beads. The polished lOL is polished and sterilised or may undergo further surface treatment prior to being pack- 
aged. 
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Table 1 


Reading Distance vs. Add Power 



Add Power 

Add Difference 

Expected Ref . 

Reading D: 

10 

(D) 

(fiD) 

(D) 

(in) 

18.50 

0.00 

0.00 

infinity 


18.75 

0.25 

-0.18 

218.72 

15 

19.00 

0.50 

-0.37 

106.41 


19.25 

0.75 

-0.56 

70.30 

20 

19.50 

1.00 

-0.75 

52.49 


19.75 

1.25 

-0.94 

41.88 


20.00 

1.50 

-1.14 

34.54 

25 

20.25 

1.75 

-1.33 

29.60 


20.50 

2.00 

-1.52 

25.90 


20.75 

2.25 

-1.72 

22.89 

30 

21.00 

2.50 

-1.92 

20.51 


21.25 

2 .75 

-2.12 

18.57 

35 

21. 50 

3.00 

-2.32 

16.97 


21.75 

3 .25 

-2.52 

15.62 


22.00 

3.50 

-2.72 

14.47 

40 

22.25 

3.75 

-2.92 

13.48 


22.50 

4.00 

-3.13 

12.58 

45 

22.75 

4.25 

-3.33 

11.82 


23.00 

4.50 

-3.54 

11.12 


23.25 

4.75 

-3.75 

10.50 

50 

23.50 

5.00 

-3.96 

9.94 


Base power of 18.5 diopters will achieve emmetropla in the average US patient (43.81 D K, 23.5mm AL). Expec- 
ted refractions have been computed with the Holladay fonmula, S factor = .431 (A Constant=116.6). 

55 
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TABLE OF COORDINATES TABLE 
MULTIFOCAL SAG TABLE FOR A 21 BASE AND 24 ADD POWERS 
O.OOOOOOOOOO 
0.1682692380E-05 
0.6730770490E-05 
0.1514423725E-04 
0.2692309750E-04 
0.4206735807E-04 
0.6057702768E-04 
0.8245211703E-04 
0.1076926387E-03 
0.1362986074E-03 
0.1682700395E-03 
0.2036069535E-03 
0.2423093699E-03 
0.2843773109B-03 
0.3298108009E-03 
0.3786098660E-03 
0.4307745346E-03 
0.4863048366E-03 
0.5452008042E-03 
0.6O74624713E-03 
0.6730898740E-03 
0.7420830500E-03 
0.8144420393E-03 
0.8901668837B-03 
0.969257626eE>03 
0.1051714314E-02 
0.1137536994B-02 
0.1226725715E-02 
0.1319280530E-02 
0.1415201490E-02 
0.1514488653B-02 
0.1617142076E-02 
0.1723161816E-02 
0.1832547937B-02 
0.1945300501B-02 
0.2061419572B-02 
0.2180905219B-02 
0.2303757510B-02 
0.2429976517B-02 
0.2559S62311B-02 
0.2692514968B-02 
0.2828834565B-02 
0.2968521181B-02 
0.3111574895B-02 
0.3257995792E-02 
0.3407783954E-02 
0.3560939470E-02 
0.3717462427E-02 
0.3877352916E-02 
0.4040611029B-02 - 
0.4207236860E-02 
0.4377230506E-02 
0.4550592066E-02 
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10 


15 


20 


40 


SO 


0.4727321638E-02 
0.4907419326E-02 
0.5090885233E-02 
0.5277719465E-02 
0.5467922131E-02 

0.5661493340E-02 CD 

0.5858433204E-02 fTI 

0.6058741837E-02 CO 

0.6262419355E-02 H 

0.6469465875E-02 > 

0.6679881517E-02 < 

0.6893666403E-02 > 

0.7110820656E-02 p 

0.7331344402E-02 > 

0.7555237768E-02 CD 


0.7782500884E-02 
0.8013133881E-02 


0.9216851817E-02 
0.9467706969E-02 
25 0.9721932976B-02 

0.9979529986B-02 
0.1024049815B-01 
0.1050483761B-01 
0.1077254853B-01 
30 0.1104363106E-01 

0.1131808535B-01 
0.1159591158B-01 
0.1187710988B-01 
0.12i6168044B-01 
35 0.1244962341B-01 

0.1274093896B-01 
0.1303562726B-01 
0.1333368848B-01 
0.1363512279B-01 
0.1393993036B-01 
0.1424811138B-01 
0.1455966602B-01 
0.1487459446E-01 
0.1519289689B-01 
^ 0.1551457348B-01 

0.1583962442E-01 
0.1616804991E-01 
0.1649985013B-01 
0.1683502528B-01 
0.1717357554E-01 
0.175155O111E-01 
0.1786080220B-01 
0.1820947900E-01 
0.1856153172B-01 
0.1891696055E-01 

55 


m 


0.8247136893B-02 Q 

0.8484510054B-02 Q 

0.8725253502B-02 "0 

0.8969367376B-02 -< 
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0.1927576571E-01 
0.1963794740E-01 
0.2000350583E-01 
0.2037244121E-01 
0.2074475376E-01 
0.2112044369E-01 
0.2149951122E-01 
0.2188195658E-01 
0.2226777997E-01 
0.2265698163E-01 
0.2304956178E-01 
0.23445S2064E-01 
0.2384485846E-01 
0.2424757545E-01 
0.2465367186E-01 
0.2506314791E-01 
0.2547600385E-01 
0.2589223991E-01 
0.2631185634E-01 
0.2673485338E-01 
0.2716123127E-01 
0.2759099027B-01 
0.2802413061E-01 
0.2e46065256E-01 
0.2890055636E-01 
0.2934384227E-01 
0.2979051055E-01 
0.3024056146E-01 
0.3069399526E-01 
0.3115081220E-01 
0.3161101256E-01 
0.3207459661E-01 
0.3254156461B-01 
0.3301191683E-01 
0.3348565354E-01 
0.3396277503B-01 
0.3444328156E-01 
0.3492717343E-01 
0.3541445090E-01 
0.3590511426E-01 
0.3639916380E-01 
0.3689659980E-01 
0.3739742255B-01 
0.3790163235B-01 
0.3841079477E-01 
0.3892492318B-01 
0.3944405776B-01 
0.3996822956B-01 
0.4049477047B-01 
0.4103181255E-01 
0.4157128818E-01 
- 0.4211598005B-01 
0.4266577117E-01 
0.4322084487E-01 
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0 .4378118482E-01 

0.4434682499E-01 

0.4491779971E-01 

0.4549414366E-01 

0 .4607589182E-01 

0.4666307958E-01 

0.4725574262E-01 

0.4785391704E-01 

0.4845763925E-01 

0.4906694606E-01 

0.4968187464E-01 

0.5030246256B-01 

0.5092874775E-01 

0.5156076852B-01 

0.5219856362E-01 

0.5284217215E-01 

0.5349163364E-01 

0.5414698803E-01 

0.5480827568E-01 

0.5547553737E-01 

0.5614881430E-01 

0.5682814811E-01 

0. 5751358089E-01 

0.5820515518E-01 

0.5890291394E-01 

0.5960690065B-01 

0.6031715919B-01 

0.6103373397B-01 

0.6175666986B-01 

0.6248601220B-01 

0.6322180687B-01 

0.6396150164E-01 

0.6470509302B-01 

0.6545258375E-01 

0.6620397443B-01 

0.6695926562B-01 

0.6771845790E-01 

0.6848155186E-01 

0.6924584807E-01 

0.7001944714E-01 

0.7079424964B-01 

0.7157295617E-01 

0.7235556733B-01 

0.7314208372B-01 

0.7393250594E-01 

0.7472683460E-01 

0.7552507031E-01 

0.7632721368E-01 

0.7713326532E-01 

0.7794322585E-01 

0.7875709590E-01 

0.7957487609E-01 

0.8039656705E-01 

0.8122216941E-01 
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0.8205168379E-01 
0.8288511085E-01 
0.8372245122E-01 
5 0.8456370554E-01 

0.8540887446E-01 
0.8625795863E-01 
0.8711095870E-01 
0.8796787533E-01 
10 0.8882870918E-01 

0.8969346090E-01 
0.9056213117E-01 
0.9143472065E-01 
0.9231123001E-01 
IS 0.9319165993E-01 

0.9407601108E-01 
0.9496428415E-01 
0.9585647982E-01 
0.9675259878B-01 
20 0.9765264172E-01 

0.9855660932E-01 
0.9946450229E-01 
0.1003763213 
0.1012920671 
0.1022117404 
0.1031353419 
0.1040628722 
0.1049943322 
0.1059297225 
0.1068690439 
0.1078122970 
0.1087594826 
0.1097106015 
0.1106656543 
0.1116246419 
0.1125875648 
0.1135544240 
0.1145252201 

: , 0.1154999539 
\SM 0.1164786262 


25 


30 


35 


mi ^ 0.1174612376 


0.1184477890 
0.11943828H 
0.1204327147 
0.1214310906 

45 0.1224334095 

0.1234396722 
0.1244463487 
0.1254534120 
0.1264608688 

50 0.1274687181 

0.1284769574 
0.1294855841 
0.1304945955 
0.1315039890 
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0.1325137623 
0.1335239126 
0.1345344376 

5 0.1355453348 

0.1365566017 
0.1375682359 
0.1385802350 
0.1395925966 

10 0.1406053185 

0.1416183982 
0.1426318335 
0.1436456221 
0.1446597617 

15 0.1456742501 


20 


25 


30 


0.1609319733 
0.1619517548 
0.1629718502 
0.1639922574 
0.1650129748 
0.1660371510 
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A multifocal intraocular lens which comprls s a lens body having a plurality of optical zones which conrv 
prises an aspheric optical zone between each add and base power zone ther by providing a gradual tran- 
sition in the curvature of the optic surface and avoiding abrupt changes in the curvature of the optic. 

A multifocal intraocular lens according to claim 1 which comprises a lens body having at least five optical 
zones, a first zone comprising a central constant power zone for distance vision, a second zone comprising 
an annular aspheric zone, a third zone comprising a constant power zone for near vision, a fourth zone 
comprising an aspheric zone to bring the power back to the distance vision level and a fifth zone comprising 
a constant power zone for distance vision, whereby the radii for each optical zone is determined to mini- 
mise spherical aberrations and wherein the percent optical area for near and distance vision is calculated 
based on pupillary diameter and variation of pupillary apertured in humans for whom said lenses are desig- 
ned. 

A multifocal intraocular lens according to claim 1 or 2 which is centrosymmentric. 

A multifocal intraocular lens according to any one of claims 1 to 3 having two loops secured to the lens 
body, said loops being substantially symmetrically disposed. 

A multifocal intraocular lens according to any one of claims 1 to 4 having two loops Integral with the lens 
body said loops being substantially symmetrically disposed. 

A multifocal intraocular lens according to any one of claims 1 to 5 adapted to permit the human eye, having 
said lens implanted therein, to perceive objects at an intenmediate distance through 5 to 13 percent of the 
overall image intensity thereby enhancing the depth of field perception, objects at near distance through 
18 to 58 percent image Intensity and objects at a distance through 35 to 78 percent of the image intensity. 

A multifocal intraocular lens according to any one of claims 2 to 6 wherein said first zone has a radius of 
about 0.75mm, said second zone has radius of about 0.95mm, said third zone has a radius of about 1 .3mm 
and said fourth zone has a radius of about 1.5mm. 
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FIG A. 
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